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ABSTRAC r 
r 
Pr~v!ous measurements of recombination coefficiezts in  the 
F-reglos  by Quhir: ar-d Nisbet :1965)  were made using ion demlty 
Froflles derived f r o m  reduced iormgrams. Uncertainties resulted 
due to the lack of Tnfcrmatics on the profile of the top of the layer,  
CEZ the temperatur2s of e lectrcrs ,  tons aqd neutral particles,  and 
about the 2ror”iles in the lower F-region at night. 
ProfPles obtained at the Arecibo Ionospheric Observatory for 
oRe summer and one winter night have been used to study the night- 
time recomblnation. 
of the results is obtaiped by the use of the incoherent scatter mea- 
suremeats. 
A considerable improvement in the consistency 
It is shown chat the summer results compare zicsely with those 
obtaIr-ed previously by Q u i r r  z.r,d Nisbet (1965). 
wirter  t5e electron content did :-ot decrease and henct a different 
method was =sed to calculate the recombination coefficient than was 
used for the summe: dit%. 
make any corclusions aba-2 the seasonal dependerce of the recom- 
bindL-ioc oeffkLent. 
It W ~ S  found that in 
Or_ t l  is bagis, i t  was quite difficult to 
b 
c 
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I. INTRODUCTION 
1.1 General Statement of the Problem 
In previous investigations, Nisbet and Quinn (1963) and Quinn 
and Nisbet (1965) have examined the recombination and diffusion 
processes at night using electron density profiles reduced from 
iuIiugraz1is. 
For these analyses it w a s  found necessary to study the 
layer as a whole because of the importance of downward transport  
of ionization through the maximum. This required that certain 
assumptions be made about the shape of the top of the layer , 
or at least  about the changes in  the content above the peak as a 
function of time. The reduced ionograms did not, of course, 
extend beyond the maximum. 
At night ionograms are subject to e r r o r s  at lower heights 
due t o  dispersion in  the lower regions of the ionosphere. 
this region that the dissociative recombination coefficient becomes 
important and it is here that the lower boundary conditions for the 
It i s  i n  
.. 
transport  velocity a r e  established. I t  was thus necessary to 
correct  the profiles to the extent possible and this was  done using 
a ser ies  of correction factors developed by Long (1962). These 
measurements were compared with neutral atmospheric 
* 
temperatures estimated using the mean monthly 10.7 c m  solar 
f l u x  and a relation derived by Jacchia (1962) f rom satellite 
retardation studies. 
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Incoherent scatter measurements cf the ionosphere provide 
measurements of the electron density above and below the maximum, 
measurements of the electron and ion temperatures, indicate 
the ionic mass  and a r e  not subject to dispersi.ie e ~ r ~ i r s  in  the 
lower ionosphere at night. 
It i s  the purpose of the p.re5er.t study t o  nse  incoherent 
backscatter measurements made at t h e  Arecibo Ionospheric 
Observatory to make estimates G f  the recombination and 
diffusion coefficients and to cumpare these resul ts  wi th  those ob- 
tained by Quinn and Nisbet (1965) and with those obtained by other 
investigators. 
1. 2. P 
Yonezawa (19 55) ccnclud.3d ::.",at a, Ckapman dfs.tribution of 
electron density would ni?f ckznge i :s fmrr, thyougb electron-ion 
diffusion but the Payer would movi? c2s ic ,le. He a l s o  showed 
that any initial dts?;riba?lon cf ~t'Bi-:ctd,rsn deiisi.;ry .wou.llcl Lend to  a 
Chapman disftrihu.ti#Jn as t?-me p1=.1~~",<-2ed. 
assumed that electron removal t:_rok pEac -; by an a.!.td,chment type 
process  with i ts  ra te  coefficient indepsndent of height  but 
conside.red that even if the rdte coefficient var ied wi th  height 
and electron. removal was accomplis't 
process ,  his results w o d d  still hold. 
R.ecornl;linati.on and 3 
In dc6,na 3 thi.s 'he 
d by a r d..c.s.mbinatiQn 
c 
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i 
RatcPiffe et  al. (1956) pointed out that  diffusion w a s  the 
controlling factor i n  the vertical distribution of ionization in  the 
upper F - 2  region. 
the loss  of electrons followed a linear law. 
was  found to decrease exponentially with height Z according to  
the Law: 
They showed that between 250 and 350 km, 
The loss coefficient 
300 - Z 
p = 10-4exp [ 5o 3 
They suggested that the level of maximum production was near 
the Fl peak and that larger ionization at higher levels w a s  due 
to the exponential decrease with height of the loss  coefficient 
as shown i n  the equation abl. -7. 
Shimazaki (1957) has shown that above 300 k m  any distri- 
bution of electron density will tend to  equilibrium within an  
hour cnder the infinenee oT diffusion. 
model of distribution was much better than the Chapman model. 
He concluded that: 
He found that the Bradbury 
. 
1. 
2. 
3.  
4. 
An upward scall-, kelgizt gradient has  an appropriate 
effect on the BradburY F-2 layer. 
Temperatare variations have a definite effect upon 
the height of the layer. 
A non-uniform " s e m i -  3urnal' '  vertical d r i f t  
velocity has a sr-riotis effect upon the daily 
variations in the F2 layer. 
A non-uniform diurnal vertical  d r i f t  velocity has 
no desirable e:Z,fect except near the equator. 
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Gliddon and Kendall (1960) made some calculations 
assuming a linear attachment type loss  and considering diffusion 
to  be present i n  the ionosphere. Their calcdat ions showed 
that Ratcliffe's linear attachment type loss process  seemed to  
hold and they also expressed considerable sapport for  
Bradbury's (1938) hypothesis that the F1 and F 2  regions were 
both produced by the same source of ionization. 
Rishbeth and Barron (1960) using a computer technique 
considered equilibrium conditions to hold and investigated the 
various processes controlling the shape of the F - 2  layer of the 
ionosphere. They point out that an upwa.rd drift tends to  t rans-  
port  ionization f rom its  level of origin to a level where the loss  
r a t e  is smaller thus accounting lor th3 electron density peak 
lying above the peak production of ionization level. The authors 
conclude from their work. that: 
1. If the only vertical  drift was that caused by plasma 
diffusion, thPn: 
a. The peak cf electron den,'ty would OCCUP 
near the level where t e loss rate and the 
diffusion r a t e  d = D/H 9 w e ~ e  qual. 
b. At  the peak and below it9 ths  electron density 
would be given by N = q/p, just  as  though 
there were no diffusion. 
c .  At levels more  than one scale height a k w e  the 
electron peak, the electron di stributisn would 
be controlled by diffusion and assume a n  
exponential form. 
Near the electron peak, the distribution would be 
approximately parabolic, with a thickness in- 
ver sely proportional to the gradient of the 
function log (p/d). 
d. 
- 5 -  
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2. The effects produced by a vertical  dr i f t  depended on 
the ratio of i t s  magnitude tc the product H d at 
the electron peak. The shape of the layer would not 
be greatly effected and unless the d r i f t  were quite 
strong the peak electron density would still be given 
by N = s/$. 
3. The above conclusions would not be materially effected 
if  the scale height varied with height. 
Nisbet and Quinn (1963) showed for the first t ime that 8 was 
They showed that $ according to  the Bradbury hy- not a constant. 
pothesis was proportional to  the molecular density and that 
according to various atmosphePic models, the molecular densities 
at 300 k m  were going to vary by a factor of 30 or 40 over the 
solar cycle and 3y  a f a c ' s r  of aboat 3 diurnaP1) 
a given altitude was nct obvlousPy going to be the same at night 
as it was  i n  the day and t m t  it would also vary over the solar 
cycle. 
Therefore p at 
In a letter to the editor, Dalgarno (1964) revised his 
estimates of the &.Pfuslon coef€icient of Ot ions i n  atomic 
oxygen in view of some recent measurements made by Stebbings, 
Smith and Ehrhardt. 
frequency and dif5sion coefficients a r e  presented i n  the 
following table. 
The c x r e c t e d  Yalues for the collision 
. 
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Table I 
Collision Frequencies v And Diffusion Coefficients D of 0' i n  0 
Temper atur e OK 300 400 500 700 1000 2000 
3.3 3.9 4.5 5.7 6 .9  9.6 (Dn x 10 )cm sec 
4.7 5 . 0  5.7 6.3 7.3 10.0 
18 -1 -1 
( v x 10lO/n)cm 3 sec -1 
Hanson and Pat terson (1964) discussed the problem of 
maintenance of the nighttime F-layer .  
possible in principle that the nighttime F-layer could be maintained 
either by H 
0' ions through charge exchange, or by an upward drift of 
ionization which would r a i s e  the layer to an altitude where r e -  
combination was slow. 
the number of H 
process could not be supplied by upward diffusion in  the daytime, 
They therefore concluded that the protonosphere could not 
maintain the nighttime F-layer since it was not possible during 
the day to generate enough re turn  flux of protons and that 
therefore it seemed most likely that the region was maintained 
by a vertical drift of ionization to a region where the recombination 
was relatively slow. 
They said that it was 
+ ions in the protonosphere providing a source of 
They proceeded to show that, on the average, 
+ ions that would be consumed by a charge exchange 
Quinn and Nisbet (1965) used mean monthly t rue  height 
electron density profiles to  a r r ive  at es t imates  of the 
recombination and diffusion coefficients. This mefiod, however, 
I '  
I .  
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has certain drawback.s which were discussed by the authors, 
First of all, the authors were forced to use mean monthly 
electron density prcfiles whict were reduced from ionograms 
and hence had no measurements ol' the profiles above the iii-i- 
mum. 
however, that if the layer shape remained uniform and the effects 
of temperature changes were included that the calculation of p300 
would not depend critlcally on the profile assumed for the top of 
the layer. 
So a top t o  the profile had to  be assumed. They found, 
Coupled with this drawback, however, is the effect of 
determining temperatures from the profiles. 
changes are not accurately determined, then the recombination 
coefficients may be s ~ i e u s l y  in e r ror .  This effect is also 
coupled with the effect of 3 change in  the electron-ion temperature 
ratio. 
For if the temperature 
The effects of a decreasing Te/Ti ratio and different 
assumptions aboirt the changing shape of the layer were investigated, 
However, because the data ns-d (bottom-side ionospheric 
soundings) did not p r ~ v i d z  m y  information on the shape of the 
top of the layer,  no final cmclnsisns could be drawn. 
The effect of using the correct  quadratic loss  coefficient 
Since a wide range of in  the calcdat ions was also considered. 
values had been reported up to  that time for this coefficient, 
the authors adopted a best estimate which would give the most 
consistent resul ts  for their diffusion velocity analysis. 
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The authors analysis was further complicated by the effects 
of low-lying ionization. To circumvent this problem they applied 
a correction due to  Long (1962)  to the profiles. This complication 
is tightly coupled to the previously mentioned quadratic loss  
coefficient since they both a r e  effective at lower altitudes. 
Utilizing the above mentioned assumptions, the authors 
a r r ived  at the values of the recombinations coefficient listed 
in Table IV, Appendix. They found the following value for 
the diffusion coefficient: 
1 .  2, 2 Transport  
Martyn (1947)  in  attempting to  account for the peculiar 
morphology of the F 2  region had introduced ~Zte concept of 
ionization transportation by considering the continuity equation 
as 
== q - PN - div(NV). 
a t  
where V was the transport  velocity of the electrons (and ions), 
Martyn ( 1 9 5 9 )  pcinted .out three po r s ib l i t i e s  for the origin 
of the transport velocity: 
1 .  The air in  the region might possibly be in  
motion thus carrying the ionization with it. 
2. If an electric current  were present, the lordzatian 
would drift with the velocity vector. 
3.  The ionization diffuses under the influences of 
gravity and of its own part ia l -pressure gradient. 
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He then came up with the following equation which considered 
contributions from all the transport processes  enumerated above: 
where 5 = vertical  d r i f t  velocity due to a current i n  the region. 
F e r r a r o  (1961) has reviewed work done on diffusion in  
the ionosphere. He summarized the resul ts  of Gliddon and 
Kendall’s (1960) investigation a s  follows: 
1. The peak electron density w a s  increased by upward and 
decreased by downward d r i f t .  
noon, however, they found that the maximum density 
was little effected by dxifts. 
Between sunrise and 
2. Upward dr i f t  ra ised and downward d r i f t  lowered the 
m’ constant nighttime level h 
Downward d r i f t  tended to  produce symmetry both 
of Nm and of hm about noon. 
Upward dr i f t  tended to  produce a symmetry (i. e. 
N , occurred at a t ime nearer sunset than noon 
w g e  hm deer eased sharply at  sunrise and rose  
slowly to reach the nighttime value between sunset 
and midnight). 
3 ,  
4. 
Rishbeth (1961) assumed an isothermal ionosphere and showed 
that the height at which dn/dt was greatest  was lowered when 
diffusion was present but the peak value of dn/dt was only slightly 
reduced. It w a s  further shown that at sunrise the inclusion 
of diffusion i n  the determination of density profiles served 
to decrease the height at which the peak occurred but 
effected the magnitude of the peak only slightly. In doing this, 
- 10 - 
the author used a con inu ty equation of the 
dn/dt = q - PN - MD - ME 
where PN = loss  
or m: 
My) zz t e r m  due to  plasma diffusion 
ME I= t e r m  due to  electromagnetic drifts 
q production t e r m  
and a production equation as follows: 
q(Z,+) = qo exp (1 - Z - epZCH$). 
He illustrated with graphs the fact that near sunrise the 
change in electron density showed a linear increase as the solar 
zenith angle decreased. 
dn/dt was primarily determined by thi production q but that its 
magnitude w a s  altered somewhat by (3 and the height of its peak 
was altered slightly by diffusion as pointed out previously. 
concluded that vertical  drifts  due to  electromagnetic forces  have 
little effect upon the peak values of dn/dt and electron density but 
did slightly modify the heights at which they i ~ c u r r t d .  
He further pointed out that at sunrise 
He also 
Garriot and Thomas (1962) wrote the continuity equation in  
- the form ??! = Q - L - M where M = MD t ME = cEV(Ni7). w was the 
total d r i f t  = WD t WE, i. e. the drifts  due to  diffusion and electro- 
static fields, respectively. They then assumed negli.gible horizontal 
variations in N and E and that the e1ectromagneti.c drift velocity 
was independent of height i n  the F region so that at night the 
continuity equation cou1.d be written: 
a t  
- I 2  - 
They then made .varLs;zs assumptfcne abcut the values of the constants 
involved and using resul ts  from N(h, t) profiles were able to calculate 
the eleckromagnet5c d r i f t  velocity (T) cn quiet nights. At Puerto 
Rico, drift velcc:.ries of the order of abm; 30 m/sec were found 
in summer but these were nearer 1 5  m/sec at equinox. 
be remembered hawever, thr;'. the results arr ived at were highly 
dependent on the ;ssumed YELP of the Pecombination ccefficient p .  
e *  
It. should 
6 
r 
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The notation used was: 
A 2 = 1 t 3 p  2
r = 15p 4 2 -1 
- ro '  cos0  q -  
2 r 
r = a sin% 
Near the equator of course, p = o and the equations could be 
si mpli f i e d. 
F e r r a r o  (1964) considered ambipolar diffusion in  the 
presence of a magnetic field and refuted statements made by 
Chandra (1964) that there  were certain discrepancies in  the current  
theory of ambipolar diffusion in  the ionosphere in  the presence of 
a magnetic field. The author showed that the velocity of ions 
perpendicular to  the vertical  plane parallel to  the magnetic field 
vector was given by: 
m.i 
= collision frequency 
Wi = velocity in  z direction 
He further demonstrated that the velocity in  the x direction was 
- 13 - 
I -  
which for "i (< oz (as is the case  in  the F-2 region) reduced to: 
pi = WiCOt I 
Therefore the velocity of the ions (and hence the electrons) in  the 
xz - plane wi l l  be mainly parallel to the magnetic fieid. 
further pointed out that as v ./az + 0, vi --j 0 so that in  the 
limiting case, the flow oi electrons was entirely along the lines 
of force. 
He 
Utilfzing the equations of motion, the author proceeded to 
show that the vertical velocity of diffusion was given by: 
2 13x1 L W =  -D Sin I (---zf - ) 
Hi 
where D = kT and Te = Ti. 
mi " i  
In ;rile ionosphere, where &.-...< A l u I  ,zon:a? currents can flow 
unimpeded, the author pointed oct that the d r i f t  velocity in the y 
direction will be opposite for ions anc! electrons, thus constituting 
an electric current flow. He showed that the electric current  
density would be : 
. -  2nKT I a n  i 
J = ,- (- - t, 1 Sin I Cos I 
n J Z  ~i BZ 
Then he showed that utilizing normal values for these parameters  
resulted in  the fact  that the magnetic field of the d r i f t  currents  
in the ionosphere caused by the vertical  diffusion of the plasma 
was negligible. 
Kendall (1964) took exception ta the fact that Chandra (1964) 
- 
stated that he (Kendall) and others had assumed Ve = vi and 
therefore their work w a s  based on a fal;l:j equarion. On the con- 
t ra ry ,  Kendall stated that he had not. made thi s as sumption. He 
further felt that puttingvi = y e  (as Chandra ht;d done) before 
solving the equation of motion may be i n c x r e c t .  
The author concluded that: 
(i) In the F 2 layer the rela5.ve velocity of ions and 
electrons was small. 
(ii) Although the relative velacity of ions and ele,ctrons 
w a s  small, the Lorentz Force  7 x B (where 7 = 
ne (Vi - Ve) was large enough to balance the small 
gravitational forces  and pressure  gradients acting. 
(iii) The velocity of electrons k n d  ions) at right anglEs 
to a line of force W ~ S  7;- E x %,'E32 (.vrhere B = IBI 
and E was the electric field arising from the 
dynamo r egion). 
1. 2 . 3  Production 
Rishbeth and Setty (1961) utilized observat-ianal d a t a  taken 
at Slough and Cambridge to investlgafe the F-layer at sunrise. 
Using this data, it was o b s v v e d  that the rat.; of increase  of electron 
density (dn/dt) jast after sunrise W ~ S  grea.&e'r i n  winter than i n  
summer, and also greater  at sunspot: maximurn t h n  z,?, sunspot 
minimum, It was felt that this seasonal anomaly i n  dn/dt was 
connected with the wel.1 known fact that i n  n w t h e r n  latjtudes the noon 
F2-layer electron density i s  greater  in  w h t e r  t h n  i n  summer 
(the "winter anomaly"). They fou.nd that the inmeease i n  electron 
density began in  summer when the solar zenith zngle was 
- 15 - 
approximately 92O and i n  winter when the solar zenith angle was 
approximately 96 . 
electron density (dn/dt) became linear for about two hours. 
0 Shortly after the increase began, the change in  
Utilizing the continuity equation dn/dt = q - L the authors 
neglect vertical  movements in their analysis. 
sunrise, the production t e r m  is of major importance in  the 
continuity equation so that the continuity equation at sunrise reduces 
to  dn/dt = q. 
and their ionization cross-sections, any change i n  ra t io  of 0 to N2 
directly effects the production and hence the rate of change of 
electron density at sunrise. 
it is this change i n  composition of the upper atmosphere that 
causes the seasonal anomaly i n  the F-region and hence accounts for 
the seasonal anomaly observed i n  dn/dt at sunrise. 
Furthermore,  at 
Since f i s  dependent on both the rat io  of 0 to  N2 
The duthci s therefore propose that 
Hinteregger and Watanabe (1962) have set forth the following 
suggested EUV flux groups which have an  effect upon the ionosphere. 
1. Group I (91l-lO27A) penetrates to  relatively low 
altitudes to  ionize 02. 
+ 2. Group I1 (?96-91EA) crea tes  mostly 0 above 140 km. 
However, the lifetime of Ot i n  the F region is relatively 
short compared to higher altitudes due to  ion-atom 
inter change and sub sequent dissociative recombination. 
3. Group III (465-630A) seems to have the most effect above 
about 200 km where atomic oxygen is the dominant 
constituent. 
be a function of time over the 11-year solar cycle and 
perhaps even the 27 day period of the sun's rotation. 
Variations i n  this groups intensity seem t o  
4. Group I V  (280-370A) seems to  penetrate slightly deeper 
than Group 111 and i s  clearly the dominant group in  the 
130-150 k m  range. 
- 16 - 
The authors concluded that of the above mentioned groups, Group I11 
contributed most significantly to  F-region ionization although all 
groups with the exception of Group I, join in  0 t production. 
Watanabe and Hinteregger (1962) have concluded that electron 
production in the F-region is  pr imari ly  due to  ultraviolet radiation 
i n  the range 170-900A. The authors have made a study of the 
photoionization r a t e s  as  a function of altitude and solar zenith 
angle. 
t j ~  = 9 0  ) the maximum ionization would be at approximately 320 km. 
From this study, it was calculated that at sunrise (i. e. 
0 
A s  the sun came up, however, the location of the maximum 
ionization descended rather  rapidly to  the F1 region (E 150 km). 
The F 
however due to  the higher recombination r a t e s  found at lower 
electron-density peak didn't correspondingly shift downward 2 
altitudes, 
Nicolet and Swider (1963) pointed out that the following 
ionization processes  are  the chief ones occurring in  the F-region: 
a) Ionization of N 2  for X<796 6: with absorption cross-section 
greater  than 10-17 cm2. 
b) Ionization of 0 for h<796 A subject to  the absorption of 
0 
0 
N2'  
c)  Ionization of 0 for h<800 A with different absorption 
crobs-  s e c t i p s  for i ts  q f f e r e n t  ionization potentials at 
910 A , 732 A, and 665 A. 
They further stated that an exact analysis of the ionization 
problem in the F-region required a simultaneous knowledge of the 
energy of solar emissions and of the absorption cross-sect ions of 
0, N 2  and 02. They felt  that, i n  par t icular ,  the penetration of 
- 17 - 
monochromatic solar radiations between the E and F1 peaks must be 
known i n  order t o  dete:-mi.rLe the exact behavior of the electron 
production but that this -*as difficult information to obtain due to  
the variations in solar ae,lxGfy. 
It was also pclint r c  mt: :hzt the dis scciative recombination 
coefficient (o( ) of rhe var i ~ s  Important constituents was not known 
very accurately but that since the electr on-ion collision frequency 
decreased with temperature !.C T-3/2), the normal tendency of 
the temperature dependence oi KD should be to  decrease with 
increasing temper - t ure. 
t Nicolet and Swider pointed out that 0 i s  t ransferred into 
production is  t molecular ions by ion-atom interchange but 0 
increased by the charge tra2lrsft.r p r o c e s s  between atomic oxygen 
and molecular nitrogen i m a .  
Willmor e (1964) has examine2 51,000 satellite measurements 
of electron temperature 2nd density made during April 27-June 18, 
1962, in order t o  exanine :he energy source required to  produce 
the observed temperzture fiskibution. 
Willmore found t h 2 6  the observed energy input fell  with 
latitude approximately as the cosine of the solar zenith distance 
at noon while the elect1 on k m p s r  atur e increased with latitude 
due entirely to  a fall in electron densitywhich also occurred. 
found that this la t ixde  eliect per si sted cven at night and suggested 
that this showed there i s  still a source of energy after sunset 
(the magnltude being about 2-3 per cent of that in  the daytime). 
He 
- 18 - 
He then concluded that the observed features of the electron 
temperature distribution can be accounted for by the heating due 
to trapped electrons with energies of 2-3 Kev in fluxes of about 
8 x lo9 crn-2sec-1, supplemented during the day by photo-electrons 
produced by sunlight provided due allowance is  made for the 
effects of escaping photo-electrons spiralling upwards along the 
lines of force. 
Garriott and Smith (1965) have used data from Syncom I11 
transmissions obtained at Hawaii and Stanford to  obtain an 
integrated production rate. 
sunrise data and assuming that the integrated loss  term in  the 
continuity equation was negligible at night and for at least 30 
minutes after ground sunrise. 
neglected since N = 0 at bath low and very  high altitudes. 
the continuity equation was reduced t o  an in;.t.grated electron 
density and a production t e r m  which was dependent on the Chapman 
function. 
overhead sun was found to  be 1.4 (2 0 . 3 )  x YOz4 ePe!ctrons/m2/sec 
in  the autumn of 1964. 
approximately 1 .3  x 109 electrons/m /sec for a single constituent 
atmosphere. 
This was accomplished by utilizing 
The divergence t e r m s  were  
Therefore, 
Using this methad, an  integrated production r a t e  €or an 
This corresponded to a peak yo of 
3 
1. 3 Specific Statement of the Problem 
The pr imary objective of this study i s  to  measure  the r a t e s  
of recombination, diffusion, and drift i n  the F-region f rom 
incoherent scatter sounding profiles. In particular this 
investigation m i l  attempt t 2  resolve some of the assumptions 
made in  the previous analysis by Nisbet and Quinn (1963) and 
Quinn and Nisbct (1965). These assumptions had to  be made 
because of the incompletemess of their data. 
of course, have a direct effect upon yf-e vaiues of the recombination 
and diffusion coefficlenxs c i t d  in tI-e above mentioned works, 
and hence it i s  desirable to  eliminate a s  many of them as  
possible. 
These assumptions, 
The major difficulties encountered were as follows. 
1.3.1 Effect of the Shape Assumed for the Top Profile 
The objective here  i s  to  a r r ive  at electron density profiles 
which give the best approximation to  the t rue profile. 
not been possible in  the previous analysis by Quinn and Nisbet (1965) 
because they were forced to use electron density profiles reduced 
from ionograms. 
maximum and it was therefore necessary to assume that the top 
profile followed some sort of functional form such a s  a Chapman 
Ca profile. 
temperatcre and it Ls ther-fore of considerable importance t o  know 
the shape of tkLe profile a accurhtely as possible. 
This had 
These prGfiks of C O G P S ~  did not extend above the 
The top profile however gives an indication of the ion 
1. 3.  2 Effect of DetE;,-mlning T5mperatures f rom the Profiles 
The problem here i s  to arr ive at  the temperatures in  the 
ionosphere a s  preelsely as possible. The temperatures a r e  not 
only important in  the construction of the neutral atmosphere but 
also a knowledge of the temperatures may give an indication of what 
the heating mechanisms were that produced the temperatures. 
. 
Previously, Quinn and Nisbet (1965) used a relation between 
the mean monthly temperature and the LO, 7 cm solar flux given 
by Harr i s  and Pr ies te r  (1962) to a r r ive  at the temperatures. 
They also used another method which utilized the thickness parameter 
scat to  determine the temperature from the electron density 
profiles and found that temperatures deduced f rom this relation were 
systematically lower than temperatures determined from the 10. 7 
cm solar flux. Hence it appears that some ambiguity exists here  
and it is  therefore desirable to a r r ive  at the temperatures by a 
mor e direct approach. 
1. 3 . 3  
The quadratic loss  coeffici.ent; (x) is extrTmely important in  
A wide range of values has been 
Effect of the Quadratic Loss  Coefficient 
the lower portion of the F-layer. 
reported for this coefficient i n  the l i terature  and therefore it 
appears to be one of the major uncertainties in  this work as well 
as that performed by Quinn and Nisbek. It i s  therefore desirable 
to  a r r ive  at an estimate of the quadratic loss coefficient which 
gives the most consi,stent resc l t s  with respect  t o  the diffusion 
velocity profiles. 
1. 3.4 
The objective here  i s  to  insure that the effects of low-lying 
Effect of LovJ-Lying Poniz&Ltion 
ionization a r e  taken into account when the profiles a r e  determined. 
If the Te/Ti ra t io  i s  high in  the low regions then the density 
measurements will be affected. 
correction due to  Long (1962) to cor rec t  their profiles at the 
Quinn and Nisbet (1965) used a 
- 21 - 
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lower altitudes. It i s  here, however, that the quadratic loss  
coefficient is important and her e that the lower boundary 
conditions for the diffusion velocity a r e  established. 
it is very important to have profiles that a r e  as accurate as 
possible so that corrections are not necessary. 
Therefore 
1.3.5 Effect of Change in Te/Ti 
The objective here  is  to study the cooling during the night 
to  look for sources of ionization. 
change in  Te/Ti throughout the night, it may be possible t o  
a r r ive  at  some conclusions about what i s  causing the production 
during the night. 
In other words by studying the 
- 22  - 
2. METHOD OF ANALYSIS 
2.1 Theoretical Background 
2.1.1 Method of Data Reduction 
Gordon (1958) suggested that radio waves incident upon the 
ionosphere at  frequencies we19 ab0.i-2 the cri t ical  frequency would be  
scattered by irregularit ies in  the electron densities. 
proposed that a powerful radar could detect the incoherent backscatter 
from the f ree  electrons in  the ionosphere and hence the electron 
density profile could be measured. He further suggested that since 
Dbppler shifts i n  frequency would result  from the thermal motion of 
the electrons, the electron temperatures could be deduced by 
measuring the width of $he spectrum oi Yrequencies returned from a 
He therefore 
given volume. 
This i s  the basic principle behind the method used for  
obtaining electron density profiles ar,d electron and ion temperatures  
f rom incoherent backscatter experiments conducted at A r  ecibo, 
Puerto Rico and other similar installations around the world. 
Much has been written on this subjecc  b-y workers  in  this field (i. e. 
Pineo and Briscoc (1961), SalpeSer (L960), Evans (1962), Lasspere 
(1959), Fejer (1960), and others) and therefI3re no dcittailed 
discussion of the method w i l l  be undertaken here.  
felt that a brief discussion i s  necessary concerning what i s  
However, it is 
measured with reference to  how Te and Ti a r e  obtained f r o m  the 
spectra and how ne is  obtained f rom the power densities. 
A t  Arecibo a radar pulse-width of 500ps is normally used 
for obtaining spectra for altitudes below approximately 500 km. 
A pulse is transmitted, backscattered by the ionosphere and 
subsequently processed by the receiver. 
is performed to obtain spectra at various aititudes. 
i s  probed for approximately two minutes. 
a r e  processed by the receivers and arr ive at a spectrum analyzer 
having 100 narrow filters each centered 200 cycles f rom the 
next. 
two minute period is  combined to give a spectra plot from which 
the Te/Ti ra t io  and Ti may be determined. 
bandwidth of the spectra and the peak-to-valley rat io  give an 
indication of the ion temperature and the Te/Ti ratio. 
(1964) has discussed the reduceron of these spectra at length. 
Gating of the receiver 
Each altitiide 
The returned signals 
The averaged output from the spectrum analyzer over a 
The half-power 
Moorcroft 
The electron density prcfilea a r e  obtained as follows. 
Signals a r e  transmitted with pulse widths which can be selected 
to provide the required degree of resolution compatible with the 
sensitivity and integrating times desired. The returned signals 
a r e  received and sampled by a digital voltmeter, the output of 
which is  connected to a digital computer which recards  and 
integrates the received signal. 
is a matter of choice but it has  been found that intervals of 
five minutes or  longer give reasonably accurate electron density 
profiles. 
profiles. 
The length of time of integration 
Two receiver channels a r e  used to  deduce the final 
The density channel processes the received signals and 
- 24 - 
I 
receiver recovery. 
normalized eo that the peak electron density corresponds to the 
peak electron density determined from ionseonde r m o r  ds which 
a r e  taken simultaneously. 
Finally each resulting profile is 
I 
deliver s them to the computer for integration. 
the recovery channel processes the signals and gives an  
Simultaneously, 
. 
indication of any receiver recovery problem that may exist due 
to gating of the receiver. 
and density channels a r e  then combined in the computer to 
The signals processed by the recovery 
subtract from the electron denaity profiles any residual due to  
2.1.2 Procedure 
Data is being 05takied s.f .Luwrt.~ Xico f c c  L x e e  wintm days 
( a day corresponds t o  a thirty h o u ~  period ) and three eummer 
day8 every year f o r  tha next several  pare . '  By ottaiidng both 
winter and summer data over the: oola.:: cycle, i t  i a  felt that 
the seaeonal dependence (for varying aclax conditionr) of both 
the recombination and diffusion coe2ficiecta may be obtained. 
Computer programs have been writ ten which compute the 
diffusion and recombinatian coefficient e utiliming the method 
developed by Mebet and Quinn (1963). 
ueing data from one winter and one eummer day. 
The presetat work wae done 
The densities for the following work were obtained ueing 
a transmitter pulse wiath of 100 p Be@. TBe pecaiver and gate 
delays were such that for the aummer data, densities were  
obtained every 15 k m  over the altitude range f r o m  approximately 
- 25 - 
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100 km to 750 km. 
every 30 km over the altitude range from approximately 
100 k m  to 1150 km. 
For  the winter data, densities were obtained 
Spectra were obtained using a 500 p sec transmitter pulse 
width which resulted in  a 75 km height resolution. Hence 
temperatares (Te and Ti) were obtained at 225 km, 300 km, 
375 km, and 450 km. F o r  the calculations, it was  assumed 
that the Te/Ti ratio decreased linearly to  one at 150 km and 
600 km. 
2. 2 Analysis of Experimental Data 
2.2.1 
The shape of the electron density profile above the maximum 
Shape of the F Region Above the Maximum 
in the region where diffusion effects dominate and atomic oxygen 
i s  the major ion i s  dependent on the sum of the electron and ion 
temperatures. Figure 1 shows electron and ion temperatures 
€or one summer and one winter night. In winter the electron 
temperatures in  the ionosphere decrease steadily and become 
e s sentially equal to the ion temper atur e s throughout the major 
portion of the night. 
rather steadily until apprcximately 3:OO at which time the ion 
and electron temperatures begin to increase. 
These temperatures a re  seen t o  decrease 
In summer the electron temperatures drop rapidly i n  
the first two hours after sunset and then remain relatively 
constant throughout the night. 
the electron temperature has stabLlized at a slightly higher 
It can be seen on the plot that 
;2 18 
In 5 5  E -rc 
In 
pc 
rr) 
I 
I 
(1 
I 
I 
I I I 1 I I I 
0 0 0 0 0 0 0  
0 0 0 0 0 0 0  t c P ! f ! z , - -  m a - -  
E r 
In cu cu 
rr” 
f ”  p --I 
0 -  
O W  
O P  
a w 
I-- 
c) 
v) 
Y 
0 
5 
3 
z 
0 a 
LL 
v) 
W 
Q: 
3 
CK 
W a z 
W 
I- 
z 
0 
t- u 
W 
-I 
W 
Q z 
z 
0 
2 
a 
a 
L
- 27 - 
value than the ion temperature throughout most of the night at  
300 km. At approximately 04:OO hours, the electrons a r e  seen 
to  begin heating up and r i s e  rather rapidly thereafter. 
Figure 2 shows comparative values of the plasma scale 
height Calculated for  a summer night. 
calculated from electron and ion temperatures measured using 
the incoherent backscatter spectra assuming 0' a s  the major 
ion, from the relation given by Jacchia (1962) assuming that 
Ti and Tn are  equal, and from the slope of the electron density 
profile at 450 km. It i s  apparent that on the summer night 
investigated, the plasma scale heights calculated using the 
incoherent scatter spectra a re  larger than those calculated under 
the assumption that Te, Ti and Tn a re  equal. More important 
perhaps is  the change in  scale height a s  a function of time, for 
this controls the downward f l u x  of electrons through the maximum. 
If such an effect is not taken into account for recombination 
coefficients calculated from profiles below the maximum, the 
resulting recombination coefficients wil l  be underestimated. 
The winter night shows essentially the same type variations a s  
observed in  the summer. 
Values a r e  given 
2 .2 .2  Effects Related to  the Lower F-Region 
In the previous analysis by Quinn and Nisbet (1965), 
mean monthly ionograms were used which had been calculated 
by a modified Budden method. 
shown to result  i n  an underestimation of the electron densities 
Such profiles have been 
\ 
d / 
I I I I I I I I I I I 1 I I I- 0 0 I 
In 
0 a 0 
I -  
at low heights and hence a correction based on the work of 
Long (1962) was applied. 
In the present analysis incoherent backscatter profiles 
have been used which do a& s u f f e ~  from these disadvantages. 
Figure 3 shows electron density profiles measured at night 
using the incoherent scatter profiles. On these same graphs, 
profiles are included which were reduced from ionograms taken 
at approximately the same time using a reduction method developed 
by Doupnik and Schmerling (1965). 
profiles from the backscatter and reduced ionogram methods a r e  
It is quite evident that the 
very similar. 
In the previous work, diffusion coefficlents were calculated. 
The decay in  the electron densities at night w a s  re la ted to 
the recombination coefficient using neutr a1 atmosphere models. 
These coefficients allowed the continuity equation to  be integrated 
up to given heights tc determine ion fluxes or ion velocities. By 
comparing these ion velocities with normalized d!-€fuoisn 
velocities calculated from the shape of the profile, &iffusion 
coefficients were cdculated.  
This type of calculation is extremely sensSt;v.- t >  the 
assumptions made about the effect cf tEe correctLon applied. 
w a s  therefore considered of considerable importance to repeat 
the analysis with more accurate data. 
It 
Figures 4 and 5 show the vertical  and normalized 
diffusion velocities calculated at approximately the same c ine  
. 
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on two consecutive nigh;G(:dne 29, 30, E965) during the 
summer. 
velocity profiles were : 
The diffusion ecefficients ckltulated f rom these 
D =  0 . 3 9 8  x 1 0 1 9 K S i n 2 ;  m 2 ~ e c  -1  i20 .39  E r s  - 6/29/65] 
nf M) 
From the limited number of examples calculated to date 
the indications a r e  that the diffusion coefficients agree with 
those estimated based zn the ionograms as previoasly 
corrected. However, t t e  r e s d t s  of tF_k tncoF!r:zent scattkr 
measurements to date arc onby ~ Q F  tw6 ~ g k t o  in summer under 
low sunspot conditions. 
2 . 2 . 3  Recombination During Summer 
Figure 6 s h o , ~ s  t?i: total electron content as a iunction 
of t ime during one summe- end m e  winter night. 
apparent that on the w:ntdr night in  particular the electron 
content did not decrease (2nd in  fact does increase during a 
It is 
major portion of the night. 
During the s u m e r  night (June 29, 1965)  the electron 
content decrease was large f rom 20:OO to  21:30 hours and the 
recombination coefficient was calculated. Table 11 o::i ?age 
zc s 
lN31N03 NO813313 
I .  - 3 5  - 
I 0- 
36 shows recombination coefficients calculated for four values 
of the quadratic loss  coefficients for various t imes throughout 
the night. 
It is apparent that there is approximately ii factzr sf 
seven difference between the recombination coefficients calcu- 
lated at 20:40 and 21:30 hours for = 1 x 1O-l’. However; 
if one looks at the change in  electron content for the night in 
question (Figure 6), it becomes clear that the observed 
variations in  the recombination coefficient were brought about 
by a drastic change in  the rate  of electron decay which began at 
approximately 21 :30 hour s. 
It i s  felt that the drastic change in  electron decay 
observed on this night is not representative of the usual summer 
night behavior and may have been caused by a moving 
disturbance over the observatory, but more data will be needed 
for other days to  either prove o r  disprove this theory. 
2.2.4 Recombination During Winter 
In winter it t i  apparent that the integrated electron content 
did not in  fact decrease during the night. 
possible to explain this behavior on the basis of a decaying layer 
alone but it is important to make an estimate of the amount of 
production or ion flux into the region required to explain the 
observed behavior. 
whole. 
It is thus not 
This was done by considering the day as  a 
- 36 - , 
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Shortly after sunrise, the production and ra te  of change of 
8 
. 
electron density t e r m s  predominate in  the F1 region continuity 
equation. it is therefsrz pzssible trr determine the production 
profile at that t ime in  the region of 200 km even if  the diffusion 
and recombination coefficients a r e  not assumed to be known 
within an order of magnitude. Figure 7 shows profiles of the 
t e r m s  of the continuity equation at 6:42 hours calculated using 
data f rom the incoherent scatter sounder. The recombination 
coefficient values chosen for these calculations were taken from 
Quinn and Nisbet (1965). The diffusion coefficient was chosen to 
be 
2 -1  
(m sec 1, D =  4.0 x 1 0 1 9 6  Sin'I 
n(M) 
a purposely high estimate. It i s  apparent that the loss and diffusion 
t e r m s  a r e  small in the region of 200 km compared with the 
observed values of dn/dt. Watanabe and Hinteregger (1962) 
have presented production functions for various zenith anglee. 
These were the functions used to represent  the production ra te  at 
a solar zenith angle of 85O (i. e. near sunrise) along with an 
appropriate scaling factor (. 644 in  this  instance). 
The t ime period around 1 3 : O O  hours was next examined. 
had been determined that at this time the region was stable at  
a l l  heights and that it could therefore be assumed that the 
It 
production and loss  te rms  would be approximately in  balance. 
The production at this  time was then calculated using the same 
- 38 - 
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scaling factor a s  had been used far the dawn measurement. This 
resulted in  a total in^;egrat;ed production XL 13:OO hours G€ 
8 
I *- 
Using this production r&e a value Pcr the rscombinaticn 
coefficient w a s  estimared ti? be 
-- 1 . 9 8 ~ 1 0  -4  sec - I  
B, 
I -  
* 
Based on the recombination rate c-st,nated at 3:OC hours 
the reeombinatijn r a t e  w a s  calculated a s  3 fu3ctlon of height 
at midnight using neutral atmospheric moeebs due to Nicolet 
(1961 )o 
Figure S shows t*--e estimat-d production at  P;:O5 hours 
and the estimazed 2css a, m:&night cdc,!aC.Ed i n  t h e  manner 
described. 
maintain the rughteme fonosp:uer e in W’I&P 
five per cent of ’;!5?a: prts,tr-. du~ing T-P r”i;y. 
calculations it fs estim,”.d th& GII 3 s  Lg7-t investlgtted a 
total prcdu+Ecn of t x  order of 
It i s  apparrr,t tL,: “he total p;aduztion required t o  
a qp rox ima tK ly 
F r o m  these 
, i  2 - 2  q d z = 7.  50 x 1-r e1eck;n m sec i 
woulc3 have been sufficient to m&n‘:ain the :;bstrved electron 
densltie s, 
During the night i n  quest! \:n, the icnospkere in the 
conjugate region w a s  IUuminated ciiintinuously ~t heights above 
300 k m  and there w c d d  therefore be a ecrf:ir,ueus ~ I L X  of
- 40 - 
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photoelectrons from this region. 
electrons would have sufficient energy to ionize atomic oxygen 
and the fluxes which a r e  required t o  explain the pre-dawn increase 
in electron temperatures a r e  by no means negligible a s  an input 
flux. It is of course not possible to  continually supply electrons 
during the night from one end of a field line to  the other without 
either introducing a corresponding flux of ions, providing an 
equalizing current flow, or  building up an electric field. 
The electrons do come over as  is indicated by the large increase 
in  heating at high altitudes whenever the solar zenith angle 
at the conjugate a rea  is  less  than 93O.  
A large percentage of these 
. 
3.. Results of the An;;Zj/si.s 
. 
3.1 Seasonal Dependence of Recombination Coefficient 
For  the summer night at 24:QO hours, p,,, would have 
- 5  1) been approximately 5. 0 x P O  
disturbance a s  previously noted w e r e  taken inkc consideration. 
Winter night ca’kcdations, as pr e v i u ~ ~ l y  described, have yielded 
a p300 of 4.16 x l o m 5  sec  
were derived in a very different manney from the summer values 
and depended on 
neutral atmosphere which i s  only marginally available at present. 
Any difference beLween the two medsurements cannot therefore  
be regarded a s  sIgn 
would cause errut‘s in  the p- 
ionograms. 
definite statement can be made on thrs  pi into 
sec-+ i f  the effects of the moving 
-1 for 24 06 hours. The winter values 
knowledge of the diurnal variation of the 
.: s V / I  rt discovered that 
01-18 anc’i) s is  ba;cd on reduced 
M ~ r e  wcrk thert,fc,te remains to  be dcne before a 
3.  2 Diffusion Cc,effic,ien!. 
Based on the assumption of a i I?I.ght Independent drift 
component and a diffusicn cr,rrqmnen‘d al:jne being I esponslble for 
the total veBoci;;y, the diffusi.an cc3ek”f.l cient: w a s  ca2cuisted for 
two consecuti.ve nights during the summer dt dpproximately 
20:40 hours. A best estimate would be 
- 43 - 
The "drift velocities" in both instances were observed to be 
approximately 5 m/sec with "diffusion velocities'' on the 
order of 10 m/sec. 
I -  
. 
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4. Summary and Conclusions 
4.1 Comparison with Previous Results 
4.1.1 
Evans (1965, a, b, c, d) has done some extensive ionospheric 
Electron Density Profiles and Ionospheric Temperatures 
research using the backscattering technique at the Millstone 
Hill Radar Observatory. 
temperatures remained larger  than the ion temperatures through- 
out the night in  winter, indicating a source which w a s  preferentially 
able to  heat the electrons. In  the present work it w a s  found that 
the electron temperature was higher than the ion temperature 
at night when the conjugate region was sunlit. 
decreased continuously until 23:OO hours. 
Evans (1965 c )  has  found that the electron 
Te and Ti 
Evans (1965 d) has  pointed out that three methods of 
measurements (radar backscatter, rockets, and satellites) have 
indicated that at night Te  increases  monotonically with altitude 
and that Te > Ti both at night and during the day. 
present results however one can only conclude that at night 
during the winter T 
In  the summer, however, T > T. at some altitudes during 
the night. T was found to  increase monotonically with 
altitude. 
F r o m  the 
i s  essentially equal to T. i n  the F-region. e 1 
e 1 
e 
. 
1 -  
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4.1,  2 Recombination Coefficient 
* 
of 300 The present result  for a summer night of p 
-1  5.0 x l o m 5  sec 
obtained by Quinn and Nisbet (1965) of [ 2.1 t 23 x 
sec at 750° K. 
at 750° K may be compared with the value 
- 
-1  
It was shown that in winter under low sunspot conditions 
the nighttime F-region cannot be adequately explained on the 
basis of a decaying layer and that it w a s  necessary to  assume 
a nighttime production o r  influx of the order  of 7 . 5  x 10 
electrons m sec to  make up for recombination compatible 
wi th  daytime observations. 
12 
- 2  -1 
The winter results of Quinn and Nisbet (1965) a r e  thus 
too low. 
low values have been confirmed. 
temperature does indeed decrease continuously prior to mid- 
night and the atomic oxygen layer was observed to  be compressed 
by the continual lowering of the altitude at which atomic hydrogen 
ions were observed to  predominate. Neither of these causes 
was found to be sufficient, however, to explain the low resul ts  
again i n  confirmation of the previous analysis. 
Two of the effects they postulated to explain their  
It was shown that the electron 
The present study i s  not adequate to provide an  answer 
on the possible seasonal variation of the nighttime r ecombination 
c o ef f i ci ent . 
- 46 - 
4, 1. 3 Diffusion Coefficient 
Quinn and Nisbet (1965) reported a value for the diffusion 
coefficient of 
2 2 (0.5 - t 0 . 3 )  1 0 1 9 G  D =  Sin I (m s e c - l )  
n(M) 
Various values for the constant i n  the above equation have been 
reported and a few of these a r e  listed in  Table 111 below. 
TABLE I11 
Comparison of Diffusion Constants 
Author 
17 4 . 5  x 10 
2.07 x 10 17 
17 4.30 x 10 
17 (0.50 t 0.3) x 10 - 
17 (0.50 t 0. 25) x 10 - 
Shimaz aki (1957) 
Cowling (1945) 
Dalgar no (1964) 
Quinn & Nisbet (1965) 
Pr e sent Study 
. 
, *I 
Y 
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Hanson (1966) has commented that Dalgarno's values must 
be multiplied by a factor of 2 i n  order to  represent the ambipolar 
diffusion case. In Table III above, Hanson's factor of 2 has 
been included i n  Dalgarno's results.  
that Quinn and Nisbet's (1965) resul ts  were too low a s  a 
Hanson (1966) also stated 
result  of the corrections they applied to  their profiles low 
down. The p i  esent study, however, required no corrections 
to the profiles low down other than the observed Te/Ti 
ra t io  cor r  ection. 
Based on the neutral atmospheric models of Nicolet (l961), 
a value for the diffusion coefficient of 
was obtained in this study. 
value previously obtained by Qainn and Ni-sbet (1965) using the 
same method of analysis and the same models of the neutral 
atmosphere, It thus appears that the discrepancy between the 
experimental resul ts  and the theoretical and laboratory values 
i s  not due to the corrections applied to  the ionosonde reduced 
profiles but is either a rea l  effect or a resul t  of an  assumption 
used in  the analysis. 
This is  i n  goed agreement with the 
The simple assumption used in  this and the preceding 
analysis using the same technique w a s  that only two components 
of the vertical  velocity were present, a vertical velocity 
- 48  - 
independent of altitude called the drift velocity and a second 
component varying i n  altitude i n  the same manner a s  the 
diffusion t e r m  in  the continuity equation, 
probably a considerable simplification of the actual conditions. 
Neutral atmospheric winds a r e  no dcu'bt present on the 
night side of the earth. 
satellites [King-Hele (196511 and Cave been investigated 
theoretically by King and Kohl (1965), G,eisler (9966) and 
Volland (1966). 
be lower at 230 km than at 335 km and could thus considerably 
influence both the estimates of the diffusion coefficient and 
the uniform drift vel.oc?.ty i f  they - ~ e ~ e  pr , 3en t ,  
This assumption is 
They appear to have been observed by 
Such winds will be height dependent and w i l l  
As pointed out by. Q1?.nn and Nisbet (1966) the estimations 
of the diffusion coeffic,ient, g-anted the a.ssLampt3.ons on which 
the calculations a r e  based, a r e  only as a . c c u r = ~ e  ZLS the 
neutral atmospheric models. 
Walker (1965), there  i s  consid.erable 1: t u d e  i n  tke choice of 
neutral atmospheric models which wiU fit: s;at.e!!Elte data, and 
satellite retardation and gage me2suremen>r m.kde on the 
same vehicle have shmvn differences i n  dens.':i:y measurements 
of a factor of 2. 
A s  ha.s been shown by Stein and 
The assumptions upon wlich the tota.1 ion velocity 
calculations a r e  based are l e s s  extensi.ve particularly at t imes  
when the layer is  decaying rapidly. At su.ch t imes,  the 
transport  and loss  t e r m s  predominate i n  the continoity equation 
. 
b 
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' .  
and the major sources of error  a r e  related to  the loss estimates. 
Figure 9 shows the profiles of total velocity that would be 
obtained for  the calculated value of recombination compared with 
vaiues obtained i f  these are assuiiied to be 59 per ccnt higher 
or lower than calculated. It is apparent that the actual values 
a r e  changed by approximately 20 per cent and that the general 
shape of the velocity profile remains unchanged i n  the 
vicinity of the peak and above. 
4 . 2  Conclusions 
The resul ts  of the present analysis compare very closely 
with those obtained by Quinn and Nisbet (1965) with the 
exception of the winter time recombination coefficients a s  
pointed out previously. 
two works that was observed, it is felt that many of the 
assumptions made in  the previous work were valid. 
these assumptions will  be discussed in  the succeeding 
paragraphs . 
Due to the close agreement between the 
Some of 
4. 2.1 
In this analysis, data was available which extended from 
below the maximum t o  approximately 1000 km. The top of the 
profile i s  therefore readily obtainable from the measurements 
made and hence no assumptions had to  be made about what shape 
the top profile should assume. 
winter the scale heights changed steadily up to midnight and 
Shape of the Top Profile 
It was determined that in 
ALTITUDE (km) 
l o o ~ o l n o l n o  
I I I I I I I 
% % 8 8 b 3 ; r 5 8  
J 
6 
8 
I 
I 
P 
0 
v) 
I 
4 I 
I 
6 
a 
4 
i+ 
52 
1 I 
i 
P 
0 
- 
I 
1 \ 
E 
U 
t 
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that i n  consequence the winter recombination coefficients were 
underestimated in  the previous analysis. 
4. 2. Z Eeierniiri ig T e ~ ~ e r z t n r e s  fTom the Profiles 
It was  not necessary to  determine the temperatures f rom 
the profiles a s  previously done by Quinn and Nisbet (1965) 
since the backscattered spectra give directly a measurement 
of the ion temperature and Te/Ti ratio. 
l -  
It was shown in  F igure  1 , page 26 , that on the winter 
night i n  question, the electron and ion temperatures began 
increasing at approximately 03:OO hours. Local sunrise , 
however , w a s  not until approximately 06:42 hours. 
and Nisbet (1965) have shown that the time of this observed 
increase in temperature coincides with sunrise at the 
conjugate point and hence have set forth the idea that this 
heating is caused by photoelectrons from the conjugate 
Carlson 
ionosphere. 
at the higher altitudes (300 and 375 km) throughout the winter 
night coupled with the observed increase i n  electron content 
throughout the night (Figure 6, page 34) lends some support 
to the idea of nighttime production during the winter. 
conjugate ionosphere was illuminated at heights above 300 km 
throughout the night. 
Furthermore, the irregularity of the temperatures 
The 
- 52 - 
4. 2. 3 Quadratic Loss  Coefficient 
A value of 1 x 10 m sec for the quadratic loss  -15 - 3  -1 
coefficient provided the best agreement between the total 
and diffusion velocity profiles for both of the summer nights 
considered. 
of major uncertainty i n  this work as well a s  the previous 
one by Quinn and Nisbet (1965). 
This coefficient still seems to  be the point 
4.2.4 Low-Eying Ionization 
Since such close agreement was found between the 
diffusion coefficient calculated i n  this work and that obtained 
by Quinn and Ni.sbeQ (1965), it dses  not seem that the method 
of compensating fcr ll;xcl-Byi,ng ic'nization <>;as a m;:.jor source 
of e r ro r  in the presecing work.. Furthermc.re, Figure 3, 
page 30, has  shcwn that recez~t  iongsonc2e r eductIsn methods 
[ Doupnik and Schmerling (2965)]  agree  w e l l  with incoherent 
scatter profiles low down. 
4. 2. 5 ChAnge i n  T . /? ' j  
t' 
During the summez P L ~ W L ~  LLe LemperLLures in  the F-region 
were observed ta  decrease rather  rapidly YdLw;ng sunset 
and then remain relatively constant until sunrise. 
to-ion temperature ra t io  was found to  decrease to  one by 
approximately 20:30 hours  and remzin close to one until 
sunrise the following morning at a19 altitudes with the possible 
exception of 300 km wher e it appeared the electron temperature  
The electron- 
3 
b - 53 - 
i 
remained above the ion temperature throughout the night. 
The total electron content for the summer night w a s  found 
to  decrease rather consistently throughout a major portion of 
the night. 
The winter night on the other hand, showed a rather 
slow decrease i n  electron and ion temperatures throughout most 
of the night until conjugate point sunrise, at which time both 
the electron and ion temperatures began to increase. 
electron content w a s  found t o  increase throughout most of the 
night indicating a production mechanism w a s  present. It w a s  
proposed that this production mechanism was photoelectrons 
from’ the conjugate ionosphere. 
The 
4.3 Suggestions for Further Research 
The present work has been done considering only two 
days (one summer and one winter) under low sunspot conditions. 
Hence it is difficult to  make conclusions concerning seasonal 
variations with this limited amount of data. Also, a s  more  
is found out about the neutral atmosphere, a more accurate 
estimate of the recombination and diffusion coefficients wi l l  
be possible. 
It is therefore suggested that this analysis be repeated 
using more data for both the summer and winter calculations. 
The variation i n  recombination and ion velocity with solar 
activity can also be investigated when this data becomes 
available i n  the future. 
- 54 - 
Subsequent investigations into ionospheric winds and 
drifts will be of significant importance i n  the accurate 
determination of ionospheric movements. 
i f  horizontal gradients a r e  present th i s  would have a direct 
effect upon any diffusion or vertical  drift \ elocities observed. 
To date, most investigations have neglected horizontal 
gr adient s. 
For instance, 
It would be profitable to invescigate Arecibo's conjugate 
region using reduced ionograms and Nisbet and Quinn's 
(1963) method. 
obtained at Arecibo at the same time. Some conclusions 
could then be drawn about nightdme pr  ;&I;: tiom mechanism s. 
Then comparisons could be made with data 
Further research  shculd also be done concerning the 
scattered high energy electrons f rom the Van Allen belt 
since these may have a direct  efi'eci upcn the electron flux 
into the ionosphere and resultant heating of the F-region. 
f 
I 
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